S
oil loss caused by overland fl ow from arable fi elds is composed of sheet, rill, and gully erosion (Foster and Meyer, 1977) . Overland fl ow detaches and entrains soil particles when the hydrodynamic forces of the fl ow exceed the resistance of the soil to erosion . Several studies have reported signifi cant increases in soil erosion rates coinciding with tillage (Foster et al., 1982) , rill initiation (Loch and Donnellan, 1983) , and cropland furrows (Meyer and Harmon, 1985; Alonso et al., 1987) .
Recognition of the importance of gully erosion on agricultural fi elds recently has increased. Evidence suggests that soil losses on agricultural lands and hillslopes due to gully erosion may greatly exceed losses due to sheet and rill erosion (Watson et al., 1986; Poesen et al., 1996; Bennett et al., 2000; Casalí et al., 2000; Poesen et al., 2003) . Gullies create effective links for transferring runoff, sediment, and other potential materials (nutrients, agrichemicals, etc.) from source to sink, thereby increasing landscape connectivity (Poesen et al., 2003) . Moreover, ephemeral gullies can grow rapidly in size within individual storm events, thus representing areas of intense, localized scour that may not be predictable using current modeling paradigms (Valentin et al., 2005) .
In concentrated fl ows such as rills, furrows, and ephemeral gullies, incision into the soil strata and the extension of the channel across landscapes are primarily due to an actively migrating headcut (Smith, 1993; Casalí et al., 1999; Foster, 2005) . A headcut is a step change in bed surface topography where intense, localized erosion takes place . In upland concentrated fl ows, the occurrence and migration of headcuts commonly are associated with signifi cant increases in sediment yield (Mosley, 1974; Meyer et al., 1975; Bryan, 1990; Römkens et al., 1995 Römkens et al., , 2000 Römkens et al., , 2001 Helming et al., 1998) . Römkens et al. (1996 Römkens et al. ( , 1997 observed the failure of surface seals on soils, immediately followed by headcut formation, bed incision, and rill development, yet sediment yield from the soil surface was essentially zero. It has been observed that rill incision and high rates of soil erosion are the result of headcut development and migration in laboratory channels (Slattery and Bryan, 1992; Brunton and Bryan, 2000) .
Several theories have been developed in an attempt to quantify and predict headcut erosion in rills and gullies. De Ploey (1989) proposed a simple deterministic approach based on energy at the overfall as the driving mechanism, and Temple (1992) and Temple and Moore (1997) described the process through a material-dependent coeffi cient and a hydraulic attack parameter. Stein et al. (1993) examined the scour caused by free overfall jets in small-scale channels such as rills using laboratory data that focused on the changes in scour profi les with time for both cohesive and noncohesive material. Stein and Julien (1994) described the change with time of sediment detachment and transport within a developing plunge pool at the soil-water interface, which relates downstream sediment concentration to diffusion of an impinging jet through scour volume changes. Robinson and Hanson (1994) 
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Morphodynamics of Headcut Development and Soil Erosion in Upland Concentrated Flows
In agricultural regions, gully erosion is now recognized as a dominant source of soil loss, and the development and upstream migration of headcuts is critical to the initiation, incision, and dissection of these upland areas. This study examined the effect of soil texture on headcut development and migration using four common soils from the southeastern United States, tested on bed surface slopes ranging from 1 to 5% and overland fl ow rates ranging from 45 to 71 L min −1 . In response to this fl ow, actively migrating headcuts developed with migration rates ranging from 0.00001 to 0.0025 m s −1 , maximum scour depths ranging from 0.042 to 0.148 m, and sediment discharge rates ranging from 0.00017 to 0.0356 kg s −1 depending on the soil and boundary conditions imposed. Nearly all experimental runs resulted in steady-state soil erosion, wherein the headcut developed attained a constant rate of migration, shape, and sediment discharge as a function of time. These experimental observations were successfully compared with predictive equations for mass conservation, jet entry angle, maximum scour depth, and migration rate developed for actively migrating headcuts in upland concentrated fl ows. These results further demonstrate that systematic headcut development can occur in a range of soils, slopes, and fl ow rates, and that modifi ed jet impingement theory can be used to predict the erosional characteristics of these headcuts, thus providing the necessary analytical framework for improving soil erosion prediction technology.
and vertical headwall failure due to hydraulic stresses in the plunge pool region of the headcut. Prasad and Römkens (2003) presented a conceptual approach of headcut growth based on continuum mechanical principles in which fl ow energy is converted into headcut growth by relating the critical fl ow velocity to the surface layer mechanical and physical properties. Hanson and Cook (2004) examined the material parameter described by Temple (1992) for predicting the rate of headcut migration, which was found to be based strictly on compaction water content, independent of soil texture, and compaction effort.
Concurrent to these theoretical studies, an experimental program was specially designed to examine the morphodynamics of actively migrating headcuts in upland, concentrated fl ows and to address in mechanistic terms this soil erosion phenomenon. It was shown that (i) actively migrating headcuts developed in a homogenous soil display morphologic selfsimilarity, and (ii) fl ow discharge, bed slope, initial step height, and soil stratifi cation can systematically affect the rate of migration, scour hole size, and sediment effl ux (Bennett, 1999; Bennett et al., 2000; Bennett and Casalí, 2001; Gordon et al., 2007) . Alonso et al. (2002) combined free and impinging jet theory with mass and energy conservation laws in deriving new analytic equations to predict jet entry angle, scour hole depth, headcut migration rate, and total soil loss. The kinematic and hydrodynamic bases of this model were further verifi ed experimentally by Bennett and Alonso (2005a,b, 2006) .
While these previous experimental studies on headcut morphodynamics resulted in signifi cant progress toward understanding this erosion process, the results remain limited primarily because only a single soil was examined. There is a clear need to determine if such systematic headcut erosion behavior occurs in varying soil composition, bed slope, and fl ow rate to test the general applicability of the equations derived to predict headcut migration and soil loss, and to identify those landscapes susceptible to headcut development and gully erosion processes. The objectives of the current study were: (i) to determine experimentally the effect of soil texture on the development, upstream migration, and soil losses associated with actively migrating headcuts in fl ows and on bed slopes typical of upland areas, and (ii) to assess the applicability of analytic equations for predicting the characteristics of the headcuts.
MATERIALS AND METHODS
The description of the experimental facility and procedures for applying rainfall and monitoring runoff and headcut erosion processes were described in detail by Bennett et al. (2000) . These utilities and the procedure for preparing the soil bed are briefl y discussed below. A summary of all experimental parameters is given in Table 1 .
Laboratory Setup
All experiments were conducted in a 5.5-m-long, 0.165-m-wide nonrecirculating, tilting fl ume (Fig. 1) . Clear water was pumped into the inlet tank for the purpose of dampening pump-related turbulence, and once fi lled, the water spilled onto a rigid fl oor upstream of the soil cavity, then onto the soil bed. The soil cavity was 2 m long, 0.165 m wide, and 0.25 m deep. Before soil bed preparation, a subsurface drainage system was installed along the bottom of the soil cavity to allow air and water to escape during rainfall application. Simulated rainfall was applied at an intensity of 21 mm h −1 to the soil bed tilted at a slope of 5% to ensure that no water would pond on the surface of the soil bed during rainfall. The duration of the simulated rainfall events varied between 6 and 14 h, depending on the infi ltration rate of the soil under investigation (Table 1) . 
Tested Soils
The four soils used in this study were chosen to represent a variety of textural compositions and are commonly found in cultivated areas in the southeastern United States. The soils were a fi ne sandy loam (Ruston series: fi ne-loamy, siliceous, semiactive, thermic Typic Paleudults), a silt loam (Atwood series: fi ne-silty, mixed, semiactive, thermic Typic Paleudalfs), a silt loam (Dubbs series: fi ne-silty, mixed, active, thermic Typic Hapludalfs), and a silty clay loam (Forestdale series: fi ne, smectitic, thermic Typic Endoaqualfs). Table 2 lists each soil series and its textural composition and extent. All soils tested were topsoils except the Ruston series, which was obtained from a borrow pit at a depth of 3 m.
The Ruston series occurs in gently sloping to sloping uplands (0-8%) and consists of well-drained, medium to rapid runoff, moderately permeable soils that formed in loamy marine or stream deposits. The series has a large geographic extent (Table 2 ) and the upper horizon is commonly used for growing cotton (Gossypium hirsutum L.), corn (Zea mays L.), soybean [Glycine max (L.) Merr.], small grains, pasture, and woodland. The Atwood series occurs on uplands and stream terraces of low relief (0-17%) and consists of well-drained, medium to rapid runoff, moderately permeable soils formed in a mantle on silty material and underlying loamy material. The series has a moderate extent in Mississippi and is commonly used for growing cotton, soybean, corn, and peach [Prunus persica (L.) Batsch var. persica] orchards. The Dubbs series occurs on nearly level to sloping natural levees and low terraces of the Mississippi River and its tributaries and consists of well-drained, slow runoff, moderately permeable soils that formed in loamy alluvium. This series has a large extent (Table 2 ) and is commonly used for growing cotton, corn, soybean, and pasture. The Forestdale series occurs on low terraces and natural levees bordering former channels of the Mississippi River and its tributaries and consists of poorly drained, slow to very slow runoff, very slowly permeable soils formed in clayey and silty alluvial sediments. This series is also extensive (Table 2 ) and is commonly used for growing cotton, soybean, small grains, and pasture. Both the Dubbs and Forestdale soils are typically encountered in the highly cultivated areas of the Mississippi Delta.
Soil Bed Preparation
Soil was spread across a tarp in a greenhouse, turned regularly, and allowed to dry. The dried soil was mechanically crushed and passed through a 2-mm sieve. Sample preparation began by spraying a thin fi lm of silicon lubrication onto the sidewalls of the soil cavity, which discouraged soil adherence to the sidewalls. A subsurface drainage system made out of perforated pipes was placed at the bottom of the soil cavity and covered by a porous fabric and a 0.06-m-thick layer of very fi ne sand. The sand was leveled and packed by vibration transmitted through a 0.016-m-thick Plexiglas plate 2 m long and 0.165 m wide. Soil lifts (0.03 m thick and 10 kg) were sequentially placed in the soil cavity, leveled, and vibrated in place. After packing the soil to a prescribed depth (0.22 m), an Al headcut-forming plate was installed 1.7 m downstream of the rigid fl oor, normal to the bed and in contact with the soil. Once this headcut plate was in position, soil was packed upstream of the plate in 6-kg lifts and leveled with the upstream rigid fl oor, thus producing a preformed vertical step in the bed profi le.
Simulated rainfall was applied at 21 mm h −1 to the soil beds on a 5% slope using a calibrated multiple-intensity rainfall simulator with two oscillating 80-150 nozzles operating at a pressure of 41 kN m −2 (Meyer and Harmon, 1979) . The initial 5% bed slope allowed the surface runoff to exit the fl ume without ponding on the soil surface. The purpose of the rainfall application was to promote homogeneity within the soil and create a well-developed and reproducible surface seal (Römkens et al., 1997) . The seal was instrumental in negating soil detachment due to overland fl ow upstream of the headcut and produced a two-layer stratigraphy common in fi eld and fl ume studies of headcuts (e.g., Holland and Pickup, 1976) . The rainfall duration in each experimental run was based on the soil under investigation with the restriction that the wetting front pass through the soil and that free drainage occur before cessation of the rainfall (Table 1) .
Following the rainfall application, the headcut plate and any splashed soil material were removed. A thin layer of epoxy resin was applied to a 0.04-m-long bed area covering the interface between the upstream rigid fl oor and the soil cavity. The resin was allowed to dry for 0.25 h, and a very thin layer of cement was spread onto the soil bed 0.3 m downstream of the false fl oor. This treatment negated unwanted soil erosion near the interface between the false fl oor and soil bed.
Flow and Sediment Measurement
Following soil bed preparation, the bed slope was adjusted to 1, 3, or 5%, and an overland fl ow of known discharge was released onto the soil surface. Flow discharge was controlled by two adjustable intake valves and monitored by a pressure transducer connected to an inline Venturi meter. Upstream and downstream water depths were monitored with point gauges. Water and sediment exiting the soil cavity were captured in 0.5-L glass bottles at 10-s intervals until the headcut developed and began upstream migration, then at intervals of 30, 60, and 300 s depending on the length of the runs. Sediment concentration samples were weighed and placed in an oven at 40.5°C for 24 h, then reweighed. Bulk density samples of the sediment deposit downstream of the headcut were collected in Al rings (0.072 m in diameter and 0.03 m in height) pressed normal to the surface into the bed. At the conclusion of the run, the fi nal bed profi le was measured along the center line of the soil cavity and the depositional trace of the constructed bed was measured along the sidewall.
Video Analysis
Top and side views of the headcut migration and scour hole morphology were recorded to videotape using two cameras attached to a cart mounted on rails atop the fl ume. Experiment initiation was the time when overland fl ow met the brinkpoint of the preformed step. Video captured during the experiment was transferred from tape to computer, and morphologic analysis began by capturing video frames recorded at prescribed intervals. Following Bennett et al. (2000) , each captured frame was used to obtain measurements, relative to a preset datum, of the maximum scour depth (S D ), the length from the brinkpoint to the maximum scour depth (S L ), the nappe entry angle (θ e ), the brinkpoint position (M), the thickness of the depositional bed (d t ), and the digitized dimensions of the scour hole morphology.
These measurements were subject to two possible errors: distortion due to lens curvature and operator variance. By comparing known distances within the video frame at the center and edges of the video frame, distortion errors were found to range from 0.3 to 4.8%. Operator error was assessed by repeating measurements obtained from several video frames at different times by two different operators. Thus, the combined measurement error for headcut geometry was determined to range from 0.8 to 5.2%.
RESULTS
A summary of all experimental parameters is presented in Table 1 . Runs 1, 2, and 3 replicate three of the runs reported by Bennett and Casalí (2001, Run 7) and Bennett (1999, Runs 3 and 5) , respectively, with the purpose of proving repeatability and setting comparative benchmarks for the behavior of the different soils examined in this study. During each run, clear water was released onto the channel bed at a constant rate. At the brinkpoint of the preformed headcut, water was redirected downward by gravity over the face of the preformed step onto the surface of the soil bed downstream of the preformed step, similar to an impinging jet (Rajaratnam, 1981) . As the water impacted the soil surface, the fl ow eroded the soil surface and initiated scour downstream of the preformed step. A hydraulic jump moved upstream from this downstream boundary and became trapped by the overfall in the scour hole, initiating upstream migration of the headcut. In the laboratory experiments described here, two dominant mechanisms controlled the upstream migration of the headcut: erosion of the basal material (caused by the turbulence of the captured upstream eddy created by the overfall) and mass failure by gravity (cantilever failure) of the headcut face following removal of the basal material. These mechanisms occurred continuously and concomitantly as the headcut grew in size and migrated upstream.
Ruston Soil Runs
Flow rates of 70.6, 45.0, and 51.3 L min −1 were released onto the soil bed preformed steps at bed slopes of 1, 3, and 5%, respectively. Figure 2a shows side and top views of the scour hole area recorded during the period of steadystate headcut migration, as defi ned below, and dimensional scour hole profi les (Fig. 2b-2d ) along with the time variation of the brinkpoint location (Fig. 2e) , S D (Fig. 2f) , S L (Fig. 2 g) , θ e (Fig. 2h) , and the sediment discharge (Fig. 2i) .
Initial scour hole development occurred within 30 s following the release of overland fl ow. Steady-state headcut propagation was reached within about 120 s of the initiation of upstream migration, defi ned here as a period of time when a headcut migrates upstream at a constant rate, shape, and sediment discharge, on average. The highest migration rate (0.0025 m s −1 ) was observed when the initial bed slope was 5% and the fl ow rate was 51.3 L min −1 , and the lowest migration rate (0.0016 m s −1 ) was observed when the initial bed slope was 3% and the fl ow rate was 45.0 L min −1 . The dimensional scour hole profi les (Fig. 2b-2d) indicate that the zones of greatest variability were just below the brinkpoint and near the fl ow separation point upstream from the constructed bed. The largest S D was observed when the initial bed slope was 5% and the smallest occurred when the initial bed slope was 1%.
As the scour hole developed, before the onset of steadystate migration, large amounts of sediment were dislodged and transported out of the fl ume, causing an initial peak in sediment discharge (Fig. 2i ) that coincided with a rapid increase in the scour depth (Fig. 2f) and jet entry angles (Fig.  2h) . Sediment deposition occurred downstream of the scour hole as the eroded sediment load exceeded the fl ow's transport capacity. As the headcut migrated upstream at a constant rate and aspect ratio, a balance was attained between erosion and deposition, resulting in the sediment discharge tending asymptotically toward a constant rate. Sediment discharge increased with initial bed slope, and the nappe entry angle was largest for the 3% slope and smallest for the 5% slope.
Atwood Soil Runs
These experiments were conducted with fl ow discharge rates of 68.1, 46.2, and 46.9 L min −1 and bed slopes of 1, 3, and 5%, respectively, and the various parameters are shown in Fig. 3 . In general, this soil exhibits a similar morphodynamic behavior to the Ruston series response outlined above. Initial scour hole development occurred within 180 to 480 s following release of overland fl ow, and the headcut achieved steady-state upstream migration (Fig. 3e-3g) . The highest migration rate (0.0006 m s −1 ) was observed when the bed slope was 1% and the fl ow rate was 68.1 L min −1 , and the lowest migration rate (0.0002 m s −1 ) was observed when the initial bed slope was 5% and the fl ow rate was 46.9 L min −1 . The largest S D (Fig. 3f) was observed when the slope was 5% and the smallest occurred when the slope was 1%, whereas sediment discharge (Fig. 3i) showed the opposite trend.
Dubbs Soil Runs
These experiments were conducted with fl ow discharge rates of 66.3, 53.1, and 55.0 L min −1 and bed slopes of 1, 3, and 5%, respectively; the various parameters are shown in Fig. 4 . Initial scour hole development occurred within 600 to 960 s following the release of overland fl ow for the Dubbs soil. The highest migration rate (0.0003 m s −1 ) was observed when the slope was 1% and the fl ow rate was 66.3 L min −1 , and the lowest migration rate (0.00001 m s −1 ) was observed when the slope was 3% and the fl ow rate was 53.1 L min −1 . The largest S D (Fig. 4f) was observed when the slope was 5% and the smallest occurred when the slope was 1%. In the 1% run, sediment deposition occurred downstream of the scour hole, but this deposition was very limited in space and could not be sampled. No deposition occurred during the 3 and 5% runs. As the headcut migrated upstream, asymptotic values for scour depth, scour length, and sediment discharge were achieved (Fig. 4f, 4g, and 4i ), but at relatively long time periods. At a bed slope of 1%, the developed headcut could not be sustained, and S D , S L , θ e , and sediment discharge all changed accordingly (Fig. 4) after about 1300 s.
Forestdale Soil Runs
These experiments were conducted with fl ow discharge rates of 70.3, 55.5, and 55.5 L min −1 and bed slopes of 1, 3, and 5%, respectively; the various parameters are shown in Fig.  5 . Initial scour hole development occurred within 1200 to 1800 s following the release of overland fl ow for the Forestdale soil. The highest migration rate (0.00004 m s −1 ) was observed when the slope was 1% and the fl ow rate was 70.3 L min −1 , and the lowest migration rate (0.00001 m s −1 ) was observed when the initial bed slope was 5% and the fl ow rate was 55.5 L min −1 . The largest S D (Fig. 5f ) was observed when the slope was 5% and the smallest when the slope was 3%. No deposition downstream of the migrating headcut was observed during these experiments. As the headcut migrated upstream, asymptotic values for scour depth, scour length, and sediment discharge were achieved (Fig. 5f, 5g , and 5i) at relatively long time periods, but the headcut scour hole in the 1% bed slope experiment was not sustained after about 1000 s.
DISCUSSION
Comparison with Analytic Equations for Headcut Erosion
Utilizing previous experimental results, Alonso et al. (2002) derived closed-form predictive algorithms for the magnitude of plunge pool erosion and the rate of headcut migration. The main components of the formulation are (i) conservation of sediment mass, (ii) the overfall domain, and (iii) the plunge pool domain. Conservation of mass during headcut migration relates the contribution of headcut erosion to the overall sediment balance. The overfall domain relates the characteristics of the fl ow to brinkpoint and jet entry conditions in the plunge pool. The plunge pool domain relates the turbulent diffusion and bed impingement of the jet to the maximum scour depth and rate of headcut migration. All parameters required by the following equations were derived directly from the experimental observations based on time-averaged, steady-state values except where noted, which is the same procedure followed by Alonso et al. (2002) . In addition, Runs 7 and 10 were omitted because the headcuts were not sustained continuously during the experiment, as noted above.
For an actively migrating headcut with a constant rate of movement and shape, the rates of erosion and deposition are independent of headcut shape and depend only on the rate of headcut migration and the heights of the eroding and depositional faces (Alonso et al., 2002) , so that
where m e is the rate of soil erosion by headcut migration ( Fig. 6a for all experiments, which shows that the sum of sediment deposition and discharge rates are linearly related and that Eq. [1-4] provide reasonable prediction of sediment discharge due to actively migrating headcuts. Flow in the neighborhood of the brink is regarded as a classical free overfall and the nappe is treated as an impinging jet that can be ventilated (a free air space exists between the free overfall brinkpoint and the headcut face, the height of which is controlled by the depth of the plunge pool) or unventilated (water passing the free overfall brinkpoint is in contact with the headcut face). Runs 3, 6, 8, and 9 were ventilated, whereas Runs 1, 2, 4, 5, 7, 10, 11, and 12 were unventilated. The ventilated jet entry angle under the action of no external forces other than gravity is represented by 
where V b is the average cross-sectional velocity at the brink (m s −1 ), H is the plunge height (m), g is gravitational acceleration (m s −2 ), h is the vertical distance from the brink to the water level in the plunge pool (m), and d b is the fl ow depth at the brink (Alonso et al., 2002) . The unventilated jet entry angle θ e (radians) is obtained by applying conservation of mass and linear momentum, which is given as
where α is a calibration parameter that characterizes the suction head and pressure gradient acting on the nappe (Alonso et al., 2002) . Figure 6b compares the jet entry angles observed in the experiments with those predicted using Eq.
[5] and [6] for ventilated runs and Eq.
[7] and [8] for unventilated runs with α = 0.15. This fi gure demonstrates that the above relations can provide reasonable estimates for the jet entry angle using hydraulic characteristics at the headcut brinkpoint and overfall. As the jet enters the plunge pool, it diffuses, entrains the surrounding fl uid, and evolves into a reattached wall jet (Bennett and Alonso, 2005b, 2006) . Alonso et al. (2002) where q w is unit discharge (m 2 s −1 ), c δ is a wall jet parameter of order 5/16, ν is the kinematic viscosity of water (m 2 s −1 ), τ c is the critical shear stress of the soil (Pa), V e is the jet velocity at entry to the plunge pool (m s −1 ), and the coeffi cient β is a calibration parameter related to the equilibrium condition of the migrating scour hole, assumed here to be 1. Equations [9] [10] [11] were fi tted to the data using experimentally derived values for all parameters and calibrated values for τ c (Table 3) . Calibration of τ c was conducted by maximizing the Nash-Sutcliffe model effi ciency coeffi cient e for the observed o and predicted p values of S D , defi ned as
where n is the number of observations and o is the average of the observations for each soil type. All predictions shown in Fig. 6c lie within the mean uncertainty range as defi ned by Alonso et al. (2002) , demonstrating that the above relations can provide reasonable estimates for headcut scour depth using the hydraulic characteristics at the headcut brinkpoint and overfall and conditioned by the erodibility of the soil and plunge pool height. Alonso et al. (2002) further stated that as the headcut erodes soil and moves upstream, the kinetic energy of the jet entering the scour pool must be consumed to overcome the soil erosion and fl ow resistance within the pool. Application of the integral energy conservation law resulted in the following relation for the migration rate M of the headcut: where k d (cm 3 N −1 s −1 ) is an erodibility coeffi cient. Equations [13] [14] were fi tted to the data using experimentally derived values for all parameters and calibrated values for k d (Table 3) . A fi rst approximation to k d can be made using the relationship from Hanson and Simon (2001) :
These approximations for k d were then varied again to maximize the Nash-Sutcliffe model effi ciency coefficient defi ned in Eq. [12] for the observed and predicted values of M, and the optimized values are given in Table 3 . All predictions shown in Fig. 6d lie within the mean uncertainty range as previously noted by Alonso et al. (2002) . Moreover, the differences between the optimized values of k d and those predicted in Eq.
[15] were relatively small for the Ruston and Atwood soils (within 30 and 80%, respectively; Table 3 ), but relatively larger for the Dubbs and Forestdale soils (orders of magnitude). This is to be expected since k d can vary by orders of magnitude for a given τ c (Hanson and Simon, 2001; Knapen et al., 2007) . Finally, these optimizations show that the erodibility indices for the Dubbs and Forestdale soils are signifi cantly lower than those for the Ruston and Atwood soils (Table 3) .
In summary, analytical formulations for sediment discharge, jet entry angle, scour depth, and migration rate for steady-state headcuts in upland concentrated fl ows were previously derived in Alonso et al. (2002) . Using experimentally derived parameters and optimized soil erodibility indices, these formulations were shown to predict these headcut parameters reasonably well, further extending the use and application of jet impingement theory for soil erosion assessment, but now across a range of natural soil conditions, overland fl ow rates, and bed slopes.
It is important to note that deviations from these analytic equations are observed in Fig. 6 , most notably in the prediction of the headcut migration rate (Fig. 6d) . In all model comparisons, the erodibility indices for the soils (τ c and k d ) were fi tted parameters using a standard metric. No attempts were made to assess the time variation of these indices within individual runs or during the experimental campaign. Moreover, no measurements were conducted to quantify other potential controls on soil erodibility, including such phenomena as infi ltration during overland fl ow, pore-water pressure and chemistry, or soil mineralogy and dispersivity. Current theory for predicting soil losses for headcut development, as presented by Alonso et al. (2002) , contains lump parameters and coeffi cients where these additional controls may be expressed, but additional research is necessary to quantify such effects. The overall agreement, however, between the observed values reported here and the predicted values using the formulations of Alonso et al. (2002) are very reasonable.
Morphodynamics of Actively Migrating Headcuts
An important result from these experiments is the observation of steady-state soil erosion by actively migrating headcuts across a range of natural soils, fl ow rates, and bed slopes as previously defi ned by Bennett et al. (2000) . After an initial period of bed adjustment, the developed headcuts migrated upstream at a constant rate and shape, resulting in a nearly invariant rate of sediment discharge. For nearly all soils and boundary conditions examined here, steady-state soil erosion was observed, with minor departures attributable to random boundary conditions, soil adherence to the sidewalls, and changes to soil and surface seal characteristics. Steady-state conditions occurred more quickly in time and across shorter space scales when the soil erodibility was relatively high, as in the case for the Ruston and Atwood soils. When the erodibility of the soil was relatively low, as in the case for the Dubbs and Forestdale soils, the headcut required much larger time and space scales for scour hole development.
In some cases, however, non-steady-state conditions were observed. For Run 3, S D was shown to increase with time (Fig.  2f) . Bennett (1999) also observed non-steady-state conditions for headcut development using this same soil and boundary conditions. He attributed this behavior to the restricted length of the fl ume, suggesting that if the fl ume were longer, steadystate conditions would have been observed. During Runs 7 and 10, the hydrodynamics of the scour hole domain changed markedly from a free overfall nappe during the initial stages to rapidly varied fl ow down an incline as typically observed in spillways (Graf, 1998) . In the former case, fl ow was directed toward the bed as either an impinging (Stein et al., 1993) or a reattached wall jet (Bennett and Alonso, 2005b) . In the latter case, the fl ow was bed parallel, resulting in very low jet entry angles (see Fig.  4h and 5h) .
The soil erodibility clearly conditioned the morphodynamics of the observed headcuts. In general, as the erodibility of the soil increases as deduced from model calibration (Table  3) , the size of the scour, the rate of headcut migration, and the total sediment discharge all increase. For those landscapes composed of the more erodible Ruston and Atwood soils as found in the southeastern United States and the Bluff Hills region of Mississippi, it is expected that concentrated fl ows would result in the development and active upstream migration of relatively large headcuts that create relatively high sediment losses. Conversely, although both the Dubbs and Forestdale soils exhibited headcut development, these scour holes were relatively smaller in size, migrated at lower rates, and resulted in much lower sediment discharges because of nonerodibility of the soils. As such, landscapes composed of Dubbs and Forestdale soils, as found in the agricultural areas of the Mississippi Delta, would be less susceptible to severe soil losses due to headcut development in concentrated fl ows.
Finally, the headcuts developed within these experiments displayed morphologic similarity across a range of soil compositions, fl ow rates, and bed slopes. The time-averaged bed profi les for all experimental runs, as normalized by S L and S D , are shown in Fig. 7 . These plots show a collapse of the steadystate headcut profi les, consistent with the observations reported by Bennett et al. (2000) . Implicit here is that each headcut scour hole was created by the reattached wall jet as described by Bennett and Alonso (2005b) , and that the aspect ratio of each profi le can be rendered a simple function of the scour depth S D and scour length S L .
CONCLUSIONS
Soil erosion and sedimentation by water can reduce cropland productivity, degrade water quality, and clog water conveyance structures. In agricultural regions, gully erosion is now recognized as a dominant source of soil loss, and the development and upstream migration of headcuts is critical to the initiation, incision, and dissection of these upland areas. This study examined the effect of soil texture on headcut development and migration for a range of soil types, concentrated fl ow rates, and bed slopes. Four common soils from the southeastern United States (Ruston, Atwood, Dubbs, and Forestdale) were tested for bed surface slopes ranging from 1 to 5% and concentrated fl ow rates ranging from 45 to 71 L min −1 .
Nearly all experimental runs resulted in steady-state soil erosion wherein a headcut developed and enlarged due to the imposed fl ow rate, but it attained a constant rate of migration, shape, and sediment discharge as a function of time. The boundary conditions imposed, and in particular the erodibility of the soil, clearly modulated the development of the headcut, the time and length scales for headcut development, and the size, shape, migration rate, and sediment discharge of the steady-state headcut. Once established, however, the headcut bed profi les display morphologic similarity when scaled by the aspect ratio of the scour hole. These experimental observations were successfully compared with predictive equations for mass conservation, jet entry angles, maximum scour depths, and headcut migration rates.
The results from this study support the concept that systematic headcut erosion can occur in a range of soil types in upland concentrated fl ows of varying fl ow rates and bed slopes. Those landscapes composed of more erodible soils, as identifi ed here, would be more susceptible to signifi cant soil losses in upland concentrated fl ows due to rapid and pervasive headcut development and migration. Finally, these results further demonstrate that modifi ed jet impingement theory can be used to predict the erosional characteristics of headcuts, thus providing the necessary analytical framework for improving soil erosion prediction technology.
